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ABSTRACT
Mangrove trees play an important role in the maintenance and sustainability of coastal
wetlands due to their ability to adapt and survive in a wide range of saline and tidal conditions.
Hydrologic processes (e.g., inundation frequency) and salinity are important regulators
controlling the growth and productivity of mangrove forests. To quantify how changes in
landscape-level hydrology will influence these regulators in mangrove forests, the hydrology
model (HYMAN) was applied to three sites with distinct tidal forcings along the Shark River
estuary in the Everglades National Park. HYMAN model uses mass balance equation to
determine daily water and salt budgets as the combined effects of inputs from precipitation and
tide, and losses through evapotranspiration, seepage, and runoff. Statistical analysis of the
surface water depths in each forest was conducted to develop relations as a function of channel
water elevations. Other model inputs such as evapotranspiration and seepage were calculated
from the observed data. The simulated values of pore water salinity for each site can reasonably
match the corresponding observation trends and consist with its distance to the estuary mouth.

xi

CHAPTER 1. INTRODUCTION
1.1 Coastal Wetlands in the United States
Coastal wetlands are among the most important ecosystems on Earth (Mitsch and
Gosselink 2000). Generally, the definition of coastal wetlands includes three characteristics:
permanent or periodical presence of water inundation, frequently saturated soil that accumulates
organic matter, and the presence of emergent vegetation that is able to tolerate frequent flooding
and saline conditions (Patrick 1994; Mitsch and Gosselink 2000). Due to their transitional
position along continental margins and coastal waters, coastal wetlands perform a significant role
in ecological services, commercial fisheries, and recreational activities. For decades, scientists
and engineers have investigated the unique functions of coastal wetlands in reducing storm
surges and saltwater intrusion, supporting food chain and habitats for waterfowl and fisheries,
buffering runoff and nutrient loading from upstream watersheds, reducing flooding, and
protecting the human life and property of coastal communities (Patrick 1994; Day et al. 1995;
Kadlec 1995; Nepf 1999; Mitsch and Gosselink 2000; Day et al. 2007; Melesse et al. 2007;
Spalding and Hester 2007).
In the 1990s, the estimated area of coastal wetlands in the United States was approximately
3.2 million ha, comprised of three major types: 1.9 million ha tidal salt marsh; 0.8 million ha
tidal freshwater marsh; and 0.5 million ha mangrove. Geographically, 33.4% of coastal wetlands
were along the Atlantic Coast, 58.7% along the Gulf of Mexico, while 3.3% and 4.6% along the
Pacific Coast and Alaska, respectively (Mitsch and Gosselink 2000). Although there were
abundant coastal wetlands in the early European settlement, more than half of coastal wetland
areas in the lower 48 states had been transformed to agricultural, urban, and industrial uses by
draining and canalling because of population growth along the coastline (Patrick 1994).
1

Fortunately, the federal government has recognized the importance of coastal wetlands and has
instituted projects to preserve and restore this specific ecosystem, such as the unprecedented
ambitious Comprehensive Everglades Restoration Plan and the Comprehensive Coastal
Protection Master Plan for Louisiana (CERP 2004; Day et al. 2007).
1.2 The Everglades
Located at the southern tip of Florida, the Everglades is the largest subtropical wilderness
and currently one of the two largest restoration efforts in the United States. It serves as the outlet
from the greater Kissimmee-Okeechobee-Everglades watershed to the Gulf of Mexico and
Florida Bay. Historically, shallow sheet flow passed through this gently sloping topography
(around 3 cm km-1), which was once delicately described as “a river of grass” by Marjory
Stoneman Douglas back in 1947 (Light and Dineen 1994; Obeysekera et al. 1999). Because of
the uniquely interwoven forcings from hurricanes and thunderstorms, frequently or permanently
flooding, long period of drought, landscaped-level wildfire, and other subtropical climate
impacts, the Everglades was shaped into one of the most important ecological conservation areas
on Earth. As a result, it qualified as an International Biosphere Reserve in 1976, a World
Heritage Site in 1979, and a wetland of International Importance in the Ramsar Convention in
1987 (Maltby and Dugan 1994; Vlaar 2005).
The Everglades lies between upland, wetland, estuarine, and marine ecosystems (Figure
1.1, retrieved from FCE-LTER website http://fcelter.fiu.edu/) and provides a transitional salt
band from the freshwater to the saline seawater (Obeysekera et al. 1999). The temporal and
spatial composition of plant communities is determined mainly by the nutrient availability and
salinity stress in situ (Chen and Twilley 1998; Chen and Twilley 1999). This region sustains the
highly productive mangroves in the west and the southwest, a large expanse of sawgrass in the
2

north and the central parts, and a substantial portion of marsh and open water in the south. These
distinct zonations along with the dynamic physical forcings result in a highly diverse flora and
fauna distribution within the Everglades.
Mangroves are particularly well-suited to the coastal environments due to their ability to
adapt and survive under varying salinity conditions. Three mangrove species, Avicennia
germinans (L.) Stearn. (black mangroves), Laguncularia racemosa (L.) Gaertn. (white
mangroves), and Rhizophora mangle L. (red mangroves) are dominated in the mangrove
wetlands.

Figure 1.1 – Map of the Everglades National Park. The Everglades is composed of freshwater,
marine, and transitional mangrove zone with two major channels, the Shark River Slough and
Taylor River Slough. Highly-developed urban area is located near the east boundary of the
Everglades National Park.
3

Characterized by the subtropical climate, the Everglades has a distinctive dry-rainy season:
the precipitation peaks from June through September, decreases from November through April,
with May and October being transitional months (Duever et al. 1994). Daily air temperatures
range between 14 ℃ and 33 ℃ from year 2000 to 2005. Mean temperature from March through
October is > 24 ℃ and no clear seasonal temperature variations occur except due to the sporadic
passage of cold fronts. More extreme climatic events, such as freezes, droughts, and tropical
cyclones, help form the heterogeneous landscape.
Although the region was protected under the establishment of the Everglades National
Park in 1947, canals were constructed to enhance stormwater drainage and the fast-growing
populations just adjacent to the Park have transformed about half of the original Everglades to
agriculture and urban uses (Light and Dineen 1994; Harwell 1997; Mitsch and Gosselink 2000).
There is no significant wetland loss within the National Park, but artificially controlled
freshwater supply and the nutrient-abundant runoff from catchments modified landscape fracture
and biological productivity of the Everglades (Melesse et al. 2007). To sustain and conserve the
remaining ecosystem, the comprehensive restoration network is not only of regional and national
interests but also of international concerns; especially as it serves as the pilot study of the
worldwide wetland restoration projects (Maltby and Dugan 1994).
1.3 FCE-LTER Network
Established in May 2000, the Florida Coastal Everglades Long Term Ecological Research
(FCE LTER) program is part of a collaborative network sponsored by National Science
Foundation funding to Florida International University and partnered with federal agencies and
other research universities (http://fcelter.fiu.edu/). The development of FCE LTER was
stimulated by the rapidly increasing populations in south Florida plus worldwide concerns to
4

restore this unique ecosystem. Three major themes, modeling and synthesis, climate and
disturbance, and human dimensions, crosscut the program’s five working groups, including
trophic dynamics and community structure group, organic matter dynamics group, primary
production group, biogeochemical cycling group, and hydrology group.
Mainly focused on the estuarine ecotones, where freshwater mixes with saltwater, two
long-term study transects were established along Shark River Slough and Taylor River Slough,
major coastal basins within the Everglades. The central question within all of the research
activities is to investigate how changes in freshwater supply will impact the long-term ecological
responses. FCE LTER website (http://fcelter.fiu.edu/) provides more detailed description about
its conceptual framework, useful databases for data interpretation, and convenient links to related
research networks.
1.4 Study Objectives
The overall objective of this thesis research is to use the mangrove hydrology model,
HYMAN, to quantify how changes in hydrology at the landscape level will influence the water
and salt budgets in three mangrove forests along the Shark River estuary (SRE), Everglades.
HYMAN was developed specifically for the mangrove hydrology and applied successfully to the
Rookery Bay estuary, a subtropical lagoon mangrove system in southwest Florida (Twilley and
Chen 1998). SRE is the major coastal basin within the Everglades and it is characterized as a
riverine mangrove system. Three sites along SRE are located at different distances from the Gulf
of Mexico, and each has unique physical forcings and hydrologic signatures. The research
question is can the HYMAN model, developed for mangrove forest in the lagoon system, be
used to simulate pore water salinity in the Everglades riverine mangrove system? Can the
HYMAN model be used in more general coastal settings?
5

First, a statistical analysis was conducted on the relevant hydrologic parameters to relate
water depths in the channel to water depths in the forest. Second, data were collected to calculate
the ET, seepage rate, and other hydrologic inputs for the simulation use. Third, model was
modified to the applications in Shark sites. Then the HYMAN model was used to determine the
impact of hydrology on pore water salinity. Although the HYMAN was applied to calculate pore
water salinity, which can be inferred to regulate plant production, it did not directly calculate
plant production but just the pore water salinity.
1.5 Overviews of Thesis
The first chapter provides the introduction of this study from as large-scale as the broadly
coastal wetlands and the Everglades down to the essence of the research. Chapter 2 reviews the
existing studies, especially focuses on how the regional hydrology has evolved to the present
condition and what is the ultimate goal of the restoration project relative to the hydrology
management. Chapter 3 describes the details of the study, including the study sites comparison,
data preparation, and model explanation. The data part elaborates on the data applications and
analyses. The model part provides the model introduction, input format, required parameters, and
model processes. Chapter 4 discusses the simulation processes in each study site first by
separating to three years and then discusses more apparent observations. Chapter 5 concludes the
study and discusses the future applications.

6

CHAPTER 2. REVIEW OF LITERATURE
2.1 Hydrology Overview
The degradation of the Everglades ecosystem has been greatly accelerated for centuries by
the water managements and federal policies in south Florida. Prior to the construction of human
canals and levees, majority of freshwater naturally overflowed during the wet season from south
Lake Okeechobee, mainly passing through south and west Everglades into Florida Bay and the
Gulf of Mexico, while some flowed eastward through Atlantic Coastal Ridge into the Atlantic
Ocean.
After the severe flooding in 1948, flood control and protection became the number one
priority of the federal government and authorized the U. S. Army Corps of Engineers to build the
levees, water storage areas, channel improvements, and large-scale pumps to protect the region
(Light and Dineen 1994; Fling et al. 2004). In addition, a rapidly increasing population triggered
the necessary construction of dense network of canals and water transportation channels. For
example, according to the U.S. Census Bureau 2000 survey (http://www.census.gov/main), there
are over 5.2 million people in southeast Florida, especially centered in urban counties. Because
of the combined effect from protective levees and conveyance canals, a large portion of
freshwater was forced to drain into the Atlantic Ocean through urban areas, rather than following
its natural course through the Everglades ecosystem. In addition, freshwater that flowed into the
Everglades, is highly concentrated in nutrients from upstream agriculture and therefore has
exerted negative effects on the plant community. Overall, the lack of freshwater inputs has
induced saltwater intrusion from the coast, along with irregular timing of freshwater supply that
changed regional hydroperiod has produced a degraded wetland ecosystem.
Human construction has altered regional hydrology that has proven to be detrimental to the
7

environment, prompting national focus on rehabilitation and restoration efforts. After the first
restoration initiative, entitled “Save Our Everglades”, several federal-level acts and local
government-issued legislation were enacted to redistribute freshwater back to historical flows
through the Everglades to save the endangered species (Light and Dineen 1994) (Figure 2.1,
retrieved from CERP official website http://www.evergladesplan.org).

Figure 2.1 – Hydrological flow overview. Historically, freshwater overflowed from Lake
Okeechobee during the rainy season. Human construction and urban development have altered
the natural flow pattern. The CERP is going to restore freshwater back to the Everglades.
2.2 CERP
Authorized by U.S. Congress in 2000, the Comprehensive Everglades Restoration Plan
(CERP) is the largest restoration effort around the world. Within CERP, storage is the most
important component to restore the Everglades (Bahr et al. 2005). One of the objectives of CERP
is to store 6.4 billion liters of freshwater a day in above- and below-ground reservoirs (USACE
2006). If there are not shortages of water supply for agriculture and for public demand, that
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amount of freshwater can be managed for the ecological use of ENP when needed. This
freshwater can also rehabilitate degraded habitats of ENP.
Seven principal features are contained in each CERP project as follows: (1) Rebuild
surface water storage reservoirs; (2) Maintain aquifer storage and its recovery; (3) Create
constructed wetlands; (4) Improve wastewater reuse; (5) Build barriers to reduce seepage loss; (6)
Remove existent canals and levees; (7) Redesign water managements. A brief illustration of
major water bodies and restoration projects within CERP (Figure 2.2, retrieved
from http://www.evergladesplan.org) shows that those features are directly or indirectly related
to storage component. Because of the intention of CERP to restore the natural flow pattern in the
Everglades, the application of HYMAN model along Shark River can be used to predict the
long-term salinity variations within the mangrove forest in response to varied water
managements (Rivera-Monroy et al. 2005; USACE 2006).
2.3 Crucial Role of Hydrology
Hydrology is recognized as the most important process determining the definition of the
coastal wetlands (Mitsch and Gosselink 1993; Twilley and Chen 1998). Firstly, the frequent or
permanent presence of inundation is the most apparent characteristic in wetlands. A great amount
of standing water not only transports and deposits particulate nutrients in situ, but also brings in
another important stress, salt. The joint effects of inundation duration and salinity value
differentiate coastal wetland structure types, such as mangrove, salt marsh, or freshwater marsh,
and the distribution of a specific species. For instance, the red mangrove dominates at low
salinity environment while the black mangrove can endure higher salinity condition (Chen and
Twilley 1998). Moreover, distinct intensities from all hydrological forcings also form and shape
different zones, such as riverine-, lagoon-, or estuarine-dominated coastal wetlands.
9

Figure 2.2 - Major water bodies and restoration projects of CERP.
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Secondly, because of the relatively longer period of inundation, the soil composition in
coastal wetlands is often saturated and reduced; in other words, the available dissolved oxygen in
wetland soil is limited. Under this anaerobic condition, even though the systematical
transformations of nitrogen, manganese, iron, sulfur, and carbon as the alternate electron
acceptors to stimulate microbial respiration occur, the overall consumption and decomposition of
organic matters hardly keep pace with the high plant production rate. As a result, the great
amount of organic matter accumulation within the soil became the other important characteristic
of wetlands.
Finally, higher nutrient inputs and more fertile organic soil benefited the plant production,
however, the restriction regarding of longer period of inundation and higher salt concentration
overwhelmed the profitability. Therefore, only a few species can sustain in this harsh
environment without competing the resources with too many species as in the terrestrial forest.
Several hydrologic models were available for the Everglades ecosystem, including
USGS-developed Tides and Inflows to the Mangroves of the Everglades (TIME) model and
Southern Inland and Coastal Systems (SICS) model. Providing an accurate and reliable tool for
wetland hydrology simulation in the Shark River region, the TIME model currently performs in a
relatively large-scale cell size (500 m2) and assumes an even topography within a cell (Swain
2000; Schaffranek 2001). However, to understand the ecological, geomorphologic, and
hydrological interactions within a relatively small region, the TIME model is apparently not
applicable. As a result, a specific, small-scale, and hydrologic model for the mangrove ecotone is
needed and in this study, the HYMAN model.

11

CHAPTER 3. MATERIALS AND METHODS
3.1 Study Sites
The Shark River Slough (SRS) is the primary drainage basin within the Everglades to the
Gulf of Mexico. In this study, three sites (SRS4, SRS5, and SRS6 in Figure
3.1, http://fcelter.fiu.edu/) along a distinct salinity and hydrology gradient were selected. The
distance between each study site to the estuary mouth from upstream is around 18.2 km, 9.9 km,
and 4.1 km, respectively. During a typical year, the salinity gradient drops from 20-30 parts per
thousand (ppt) near the estuary mouth to 0-13 ppt at the upstream edge, which also corresponds
to the hydrology gradient from tide-dominated inundation to freshwater-dominated inundation in
SRS. Peat deposits, accumulation of partially decayed vegetation matter, are the major soil type
in SRS. Generally, the porosity of peat ranges between 80% and 95% (Boelter 1969) while for
SRS, a rough estimation of 87% porosity was determined by the author. Both discharge
measurements and regional precipitation follow clear dry-wet seasonal and inter-annual patterns.
For example, the rainy season (e.g. June-September) from 2002 to 2006 accounts for nearly 80%
of annual rainfall.
Each site has distinct tidal influence dependent on its relative distance to the Gulf of
Mexico. SRS4 is the inland site located at the edge of the tidal-influenced zone and is dominated
mainly by freshwater and precipitation. SRS5 is the transition site, regarded as the most dynamic
because of its intermediate position and the complicated interactions between different
hydrological components. SRS6 is characterized as a mesohaline site due to its proximity to the
ocean and is driven mostly by tides. In addition, SRS4 connects to the upstream mainland while
SRS5 and SRS6 are both isolated islands.
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Figure 3.1 – Landsat map of FCE LTER sites.
3.2 HYMAN Model
HYMAN, an abbreviation based on hydrology of mangroves, simulates the water and salt
budgets in a mangrove wetland using mass balance equations. HYMAN was originally written in
the C computer language and was successfully applied to the Rookery Bay estuary, Florida
(Twilley and Chen 1998), based on dissertation study of this site (Twilley 1982).
3.2.1 Governing Equations
According to Mitsch and Gosselink (1993) and Twilley and Chen (1998), the basic water
and salt mass balance equations associated in HYMAN model are:

ΔV
= Pn + S i + Ti +G i − ET − S o − To − Go − S p ;
Δt
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Δ( SL)
= (Ti × S t ) − (To × S s ) − ( S p × S w ) − ( S o × S s ) .
Δt
Based on these equations,

ΔV
= change in volume of water storage in the control volume per
Δt

unit time, t (cm3 d-1). This is reduced to

ΔL
(cm d-1) under unit area consideration.
Δt

In addition,
Pn = net precipitation (cm d-1); Si, So = surface inflows and outflows (cm d-1); Ti, To = tidal
inflows and outflows (cm d-1); Gi, Go = groundwater inflows and outflows (cm d-1); ET =
evapotranspiration (cm d-1); Sp = seepage rate (cm d-1); S = the concentration of salt (g kg-1); and
St, Ss, Sw = the salinity (ppt or PSU) of tide, surface water, and pore water, respectively.

Figure 3.2 – Conceptual model of water budget in mangrove wetlands.
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In this thesis research, the control volume of interest is composed of soil column from
surface to 80 cm depth. HYMAN neglects groundwater inflows and outflows and the conceptual
model of water budget in the mangrove wetlands focuses on surface flows (Figure 3.2) (Twilley
1982).
3.2.2 Model Inputs

Four inputs in the text file named ‘HYMAN_INPUT.txt’ within the same folder as the
main HYMAN program were required to run the simulations. The four daily inputs, from the
first column to the last, are evapotranspiration, precipitation, channel water depth, and channel
salinity, respectively. No header is allowed in the input file. For a one year simulation, the overall
size of data input file is 365 (or 366 in a leap year) rows and 4 columns (Table 3.1). The units
used for each parameter are centimeter per day for both evapotranspiration and precipitation;
meter for channel water depth; and parts per thousand × 10 −3 for tidal salinity. For the details of
each parameter, refer to Section 3.3.
Table 3.1 – HYMAN data input format.
Date

ET

precipitation channel water depth

3/23/2003

0.5028

0

1.1377

0.0180

3/24/2003

0.5028

0

1.1059

0.0170

3/25/2003

0.5028

0

1.0980

0.0159

3/26/2003

0.5028

0

1.0643

0.0151

3/27/2003

0.5028

7.6200

1.1443

0.0143

3/28/2003

0.5028

0.0254

1.1636

0.0124

3/29/2003

0.5028

0

1.1514

0.0116

3/30/2003

0.5028

1.0922

1.1727

0.0111

3/31/2003

0.5028

0

1.1189

0.0101

4/1/2003

0.3659

0

0.9807

0.0078

4/2/2003

0.3659

0

1.0132

0.0070

4/3/2003

0.3659

0

1.0478

0.0066
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channel salinity

3.2.3 Model Parameters

The sixteen parameters used in the HYMAN simulations are described as follows.
(1) INIT_WL (cm):
The initial water level is used at the beginning of water budget calculation. In this study,
the initial water level was set equal to the ground surface.
(2) GROUND_SUR (cm):
The ground surface value is the distance from the surface to the bottom of the control
volume. Because the pore water measurements were conducted at 30 cm and 50 cm depths, the
ground surface should be at least larger than 50 cm. Users can do the sensitivity test with this
parameter in their studies.
(3) INIT_SALINITY (ppt × 10 −3 ):
The initial salinity value is used at the beginning of salt budget calculation. In this study,
the initial salinity was set equal to the pore water salinity value on December 31 of the previous
year.
(4) INIT_SALT (g):
The initial salt mass in the control volume is calculated by multiplying the initial water
level and the initial salinity.
(5) SEEPAGE (cm d-1):
The seepage is the approximate amount of subsurface water drained out from the control
volume each day. This is a site-specific parameter that should be determined for different
locations.
(6) BANKSTAGE (cm):
The bankstage accounts for the standing water in the forest during a flooding period and is
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mainly influenced by the topography. If the water inflows are higher than the bankstage value,
the extra water is assumed to become surface runoff and leave the control volume. As long as
there is a flooding event in the forest, the water depth is assumed to begin from the bankstage
height in the HYMAN simulations.
(7) SY1:
SY1 denoted the above ground specific yield value. In this research, the SY1 was set to 0.9
as in the Rookery Bay study.
(8) SY2:
SY2 denoted the below ground specific yield value. The specific yield is defined as the
amount of water that can be freely drained out from a unit volume of soil under the gravity force
(Twilley and Chen 1998). The SY2 was set to 0.065 as in the Rookery Bay study.
(9) INTERCEPT:
The intercept is defined as the percentage of rainfall that can reach the forest floor; i.e. the
percentage of rainfall that is not intercepted by the plant canopy. It was set to 0.95 as in the
Rookery Bay study.
(10) SUR_FLOW (cm d-1):
The surface runoff rate defines how much water leaves from the control volume through
surface runoff with assumed 90 % runoff coefficient as in the Rookery Bay study. The daily
runoff rate was estimated as the multiplication of the penetrated rainfall (throughfall) and the
runoff coefficient. This estimation can be replaced if the surface runoff rate was measured
locally.
(11) SUR_SALINITY (ppt × 10 −3 ):
This is the salinity value in the surface runoff. Due to a lack of direct measurements, this
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was estimated from the daily tidal salinity values. It can also be replaced if there are direct
measurements.
(12) K1:
K1 denotes the mass of salt exported by a gram of tidal water. It is set to 0.0003 as in the
Rookery Bay study.
(13) K2:
K2 denotes the ratio of salinity diluted by the rainfall runoff. It is set to 2 as in the Rookery
Bay study.
(14) THRESHOLD (m):
The threshold value defines the forest flooding criterion based on the channel water depth.
It is determined from the water depth relations in situ and therefore is site-specific. Sometimes,
the threshold values are influenced by the berms or the natural levees along the channel.
(15) SLOPE (m yr-1):
The slope parameter is defined as rise in sea level (m yr-1) predicted for the site. The most
commonly used rate for coastal wetlands was about 50 to 200 cm in 21st century (Mitsch and
Gosselink 2000). It is set to 0.002 (m yr-1) in this study.
(16) ACCRETION (m yr-1):
The sediment accretion is critical for coastal wetlands that will not be submerged or
transformed to open water by subsidence or global climate change induced sea-level rising.
Users can provide this parameter based on their research.
3.2.4 Model Processes

The main code includes four functions; each was executed based on the initial water level
and if there was a flooding event during that day. They are LowWater_Tide, HighWater_Tide,
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LowWater_NoTide, and HighWater_NoTide. After determining which function should be used,
the program will systematically consider the tide (if any), rain, runoff, ET, and seepage effects. A
salinity calculation sub-routine is called during the simulations to calculate the pore water
salinity concentration. Figure 3.3, retrieved from Dr. Ronghua Chen’s HYMAN documentation,
clearly presents the HYMAN simulation processes.

Figure 3.3 – HYMAN simulation processes.
3.2.5 Model Outputs

Two outputs are produced at the end of each simulation step: daily water level and daily
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pore water salinity in the site. The output files are text format and can easily be inputted into
MATLAB© or EXCEL©.
3.3 Data Sources and Applications

While the data (Table 3.2) has been collected by various research groups, most of it was
obtained from two web sites: from LTER program (http://fcelter.fiu.edu/) and from Everglades
National Park DataForEver database (http://www.timriley.net/hydrology/index.html). It is
approximately 0.15 km from SRS4 to ENP_TE station, 0.32 km from SRS5 to ENP_GI station,
and 2.7 km from SRS6 to ENP_SR station (Figure 3.4, retrieved from http://earth.google.com/).

Table 3.2 – Study sites coordinates and measured parameters.
Site

Latitude (N)

Longitude (W)

SRS4

25° 24.5859'

80° 57.8586'

SRS5

25° 22.6214'

81° 1.9408'

SRS6

25° 21.8778'

81° 4.6768'

ENP_TE

25° 24.4926'

80° 57.8604'

ENP_GI

25° 22.5870'

81° 1.7724'

ENP_SR

25° 21.1098'

81° 5.9814'
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Figure 3.4 – Image of LTER sites and surrounding ENP stations.
3.3.1 Forest Water Depth

Hourly water depth in the forest relative to the local ground surface is recorded for each
study site from May 2001 to the present. The data, as part of LTER products, are inspected and
sponsored by Dr. Victor Rivera-Monroy and Mr. Edward Castaneda in the Department of
Oceanography and Coastal Sciences, Louisiana State University. The forest water depth
measurements have two uses: hourly measurements are critical for the hydroperiod calculations
(Section 3.4.1); and they are one of the two components for determining threshold value
(Section 3.4.2).
3.3.2 Channel Water Depth

Water depth recorders were set up in the river channel near the outlet of each study site.
Hourly water height relative to the local bank surface was measured from 2000 to the present.
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The raw data were provided by Mr. Damon Rondeau of the Southeast Environmental Research
Center, Florida International University as part of FCE LTER.
There is a clear semi-diurnal frequency in forest inundation along the Shark River Basin.
Analyzing the tidal spectrum for SRS4 in year 2002, for example, the signal was peak at M2 tidal
frequency (Figure 3.5). The five major tidal frequencies are listed in Table 3.3. This tidal
spectrum analysis was used to “de-tide” process when calculating the seepage rate based on the
subsurface water depth change (Section 3.4.4). The influence from tides must be deleted in order
to determine the seepage rate.
The channel water depth measurements were used in two ways in this thesis research. First,
scatter plots of the hourly channel water depth (x-axis) and hourly forest water depth (y-axis)
were used to determine the threshold value which served as the forest flooding criterion (Section
3.4.2). Second, the channel water depth is one of the input files for HYMAN simulations

(Section 3.2.2).

Figure 3.5 – Tidal spectrum of SRS4 in 2002.
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Table 3.3 – Five major tidal frequencies and symbols.

Name

Symbol Period (hr)

Semi-diurnal

Principal lunar

M2

12.42

Principal solar

S2

12

Larger lunar elliptic

N2

12.66

Luni-solar diurnal

K1

23.93

Principal lunar diurnal

O1

25.82

Diurnal

3.3.3 Precipitation

Precipitation is the main source of freshwater entering the Everglades (Duever et al. 1994).
The precipitation exhibits a clear seasonal variation: nearly 65% to 70% of annual rainfall fell
within June through September; and only 15% of annual rainfall occurred between November
and April. The precipitation pattern shows an inter-annual variation as well. For instance, from
January to June in year 2004 seemed to be relatively dry compared to five-year annual average.
In addition, the local forest structure and other episodic events, such as hurricanes and tropical
cyclones, regional thunderstorms, and the passage of cold fronts, are responsible for the temporal
and spatial rainfall variations. Five-year average records of each site are shown in blue line
(Figures 3.6 to 3.8) and the raw data are attached in APPENDIX A. Hourly precipitation data,
retrieved from DataForEver database, were collected at ENP monitoring stations (ENP_TE, GI,
and SR) and used as one of the input files for HYMAN simulations.
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Figure 3.6 – Monthly precipitation of SRS4 from 2002 to 2006.

Figure 3.7 – Monthly precipitation of SRS5 from 2002 to 2006.

Figure 3.8 – Monthly precipitation of SRS6 from 2002 to 2006.
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3.3.4 Air Temperature

Although air temperature is not a direct input into the HYMAN model, it was needed to
estimate the evapotranspiration (ET) rate based on the empirical Thornthwaite Equation. More
details of the ET calculation are presented in Section 3.4.3. The daily temperature was collected
at ENP stations (ENP_TE, GI, and SR) and retrieved from DataForEver database.
3.3.5 Channel Salinity

Channel salinity measurement near each study site is important because it is the only
source of salt entering the system. APPENDIX A contains the raw data and Figures 3.9 to 3.11
show the temporal and spatial variations of monthly tidal salinity of each site. For temporal
variation, the highest measurements for all sites observed during March to May resulted from
lower rainfall frequencies plus the increasing temperature induced larger evaporation rate. The
lowest measurements occurred in summertime due to higher rainfall frequencies and larger
freshwater flow, which resists saline water from the estuary mouth. The salinity value decreases
from SRS6 to SRS4 due to relatively further distance to the ocean. In this study, tidal salinity
data were also collected at ENP stations (ENP_TE, GI, and SR) and retrieved from DataForEver
database.

Figure 3.9 – Monthly channel salinity of SRS4 from 2002 to 2006.
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Figure 3.10 – Monthly channel salinity of SRS5 from 2002 to 2006.

Figure 3.11 – Monthly channel salinity of SRS6 from 2002 to 2006.
3.3.6 Pore Water Salinity

The observed pore water salinity values were necessary to compare against the simulated
HYMAN outputs. From 2001 to the present, discrete sampling measurements were conducted
two or three times per year by LSU for SRS 4, 5, and 6. Pore water samples were extracted from
30 cm or 45 cm depth at four points in each plot, two plots in each site.
3.3.7 Topography

Elevation data are important to determine the topographic characteristics of each site, such
as bowl-shaped or flat-ground. The topography is related to the “bankstage” parameter in
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HYMAN which accounts for the depth of standing water during the flooding. The topography
survey for these three sites (Figures 3.12 to 3.14) was conducted in January 2002 and provided
by Dr. Ken Krauss from National Wetlands Research Center, USGS. During this informal survey,
however, there was no consistent vertical datum, meaning that individual elevations are only
relative to each survey.

Figure 3.12 – Topography survey of SRS4 conducted in 2002.

Figure 3.13– Topography survey of SRS5.
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Figure 3.14 – Topography survey of SRS6.
3.3.8 Sediment Accretion Rate

The sediment accretion rate in these mangrove sites is mainly from the organic matter and
mineral sediments transported by the river, eroded detritus resuspended and deposited by the
hurricanes or thunderstorms, and the most important of all; organic matter produced and
compacted from plant productivity. These land-building processes should keep pace with the
relative sea-level rise (RSLR) (eustatic sea-level rise plus subsidence) to assure no land loss,
saltwater intrusion, and flooding condition (Rivera-Monroy et al. 2005; Day et al. 2007; Spalding
and Hester 2007). The sediment accretion rate used in this thesis research was provided by Dr.
Victor Rivera-Monroy’s unpublished work (Table 3.4).
Table 3.4 – Sediment accretion rate in three sites.
SITE

N (cores)

Accretion rate (m yr-1)

STDEV

SRS-4

2

0.006

0.05

SRS-5

4

0.005

0.29

SRS-6

3

0.002

0.12

3.4 Data Analysis

In the previous section, the main data used in this thesis research are introduced; and in
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this section, further data transformation and analyses based on the collected measurements will
be described. It is noted that the methods and calculations mentioned in this section might be
unnecessary if the parameters of interest are available in situ or there were more suitable
alternatives.
3.4.1 Hydroperiod

Although hydroperiod is not required in the model, it gives researchers better
understanding about the tidal signatures within the study sites. The hydroperiod data include: the
variation in water depth; tidal duration, which is defined as the total amount of time that water
inundates the ground surface; and tidal frequency, which counts the number of times that a site is
flooded with tide during certain time period (Mitsch and Gosselink 2000). Since each mangrove
species has its preferred flooding criteria, hydroperiod is critical to linking plant composition to
one specific location. In this study, the forest water depth measurements were analyzed to derive
the hydroperiod information.
3.4.2 Water Depth Relations

Hourly water depth relations between the channel and the forest were used to determine
the threshold value (Section 3.2.3) due to there is no consistent datum in situ. To derive the
threshold value, only water depths in the forest > 0 were considered, which represented the “wet”
forest. By relating the inundation depths in the forest with the corresponding channel depths, a
linear proportion line could be derived for each month. The intersection of this line with channel
water depth is the estimated threshold value for this specific month.
3.4.3 ET Estimation

The combined effects of evaporation from the land and water surface and transpiration
from plant leaves are evapotranspiration (ET). Two methods are used to determine ET: the
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potential evapotranspiration (PET) is the possible maximum of ET observed where it is in the
open water or in the water-saturated region with or without vegetation; the actual
evapotranspiration (AET) drops below PET as the soil is not saturated (Chow 1964). The ET is
mainly influenced by meteorological conditions (e.g. solar radiation, temperature, humidity, and
wind velocity), land use and soil characteristics, canopy density and composition, and surface
roughness, etc.
In this study, ET is estimated using the empirical Thornthwaite equation,
10T
ETi = 16( i ) a ;
I
where ETi = potential ET for month i (mm month-1); Ti = average monthly temperature (℃);
12

I = local heat index = ∑ (
i =1

Ti 1.514
) ; a = (0.675 × I 3 − 77.1 × I 2 + 17920 × I + 492390) × 10 −6 . It is
5

noted that the Thornthwaite method just provides the approximate potential ET and it has been
applied successfully to some wetlands (Mitsch and Gosselink 2000).
Using Thornthwaite PET equation, the ET peaks in the summer as a result of the highest
temperature during that period. Nonetheless, according to pan evapotranspiration measurements
(AET) at five weather stations in south Florida, the actual ET maximized in late spring because
of a combination of high temperature and wind speed and low relative humidity (Duever et al.
1994; Obeysekera et al. 1999). Figure 3.15 shows the comparisons of potential
Thornthwaite-based ET values averaged from year 2002 to 2005 in each site and the actual
pan-based ET values measured during year 1988 in South Florida. The ET raw data are attached
in APPENDIX B.
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Figure 3.15 – Comparisons of PET for this study and AET from Duever et al. 1994.
3.4.4 Seepage Rate

The seepage rate in this study is defined as the amount of water drained out of the control
volume below ground surface during one day. Under no tide and rainfall conditions and when the
water depth is below ground all day, the seepage rate can be determined from:
dW
= RC − ( ET + S ) ;
dt
where

dW
denotes the below ground water depth change; RC, ET, and S indicate upland
dt

overflow, evapotranspiration, and seepage, respectively (Twilley 1982). To satisfy the no tide
criterion, tidal spectrum analysis (shown previously in Figure 3.5) is needed to take out tidal
influences from water depth records. In addition, during the dry season, the upland overflow was
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negligible and the seepage rate could be solved easily. In year 2003, the individual seepage rate
is 4.1 cm/day for SRS4, 4.7 cm/day for SRS5, and 6.8 cm/day for SRS6 (APPENDIX B). These
values are reasonable comparing the observations (0 to 8.6 cm/day) at the mangrove swamp in
Australia (Clarke and Hannon 1967).
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CHAPTER 4. RESULTS AND DISCUSSIONS
4.1 Hydroperiod

Three sites exhibited distinct hydroperiod (Figures 4.1 to 4.4). In each figure, from top to
bottom are water depth, tidal duration, and tidal frequency while from left to right are SRS4,
SRS5, and SRS6, respectively. Water depth records fluctuated between -50 to 50 cm with respect
to the local ground surface; tidal duration changed from no-flooding condition to entire-flooding
for a month; and tidal frequency varied from 0 to 60 times a month. The parenthesized red
number denoted that at this specific month data were available only in that number of days.
Several conclusions can be drawn from the hydroperiod information. First, tidal intensity,
duration, and frequency increased from SRS4 through SRS5 to SRS6. Second, during the rainy
season, three sites were nearly flooded all the time while during the dry season; SRS4 was
flooded only part of the time. Finally, water depth variations in SRS5 during the dry season
confirm its dynamic characteristic.
4.2 Water Depth Relations

Individual scatter plot was separated into four symbols which denoted different weeks for
better visualization. Part of water depth relations in year 2003 (Figures 4.5 & 4.6) and in year
2004 (Figures 4.7 & 4.8) are shown below. In both years, SRS4 and SRS6 had similar
intra-annual trends and intersections. SRS5 had distinct differences between the rainy and dry
season, especially in December 2003 and in January 2004, due to its position between upstream
and tidal flooding zone. A polynomial regression equation, represented in purple line within each
plot, was used to derive the threshold value. According to these regression equations, the
threshold value is 1.07 m for SRS4, 0.52 m for SRS5, and 1.02 m for SRS6.
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Figure 4.1 – Hydroperiod of three sites in year 2002. SRS4 to 6 are from left to right. Water depth, tidal duration, and tidal frequency
are from top to bottom.
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Figure 4.2 – Hydroperiod of three sites in year 2003.
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Figure 4.3 – Hydroperiod of three sites in year 2004.
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Figure 4.4 –Hydroperiod of three sites in year 2005.
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Figure 4.5 –Water depth relations on March and July in year 2003. SRS4, 5, and 6 are from left to right.
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Figure 4.6 –Water depth relations on October and December in year 2003.
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Figure 4.7 –Water depth relations on January and April in year 2004.
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Figure 4.8 –Water depth relations on July and August in year 2004.
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4.3 SRS4
4.3.1 Year 2003

Because pore water salinity was measured at 30 cm and 50 cm depths, the subsurface
depth utilized in HYMAN simulations should be at least larger than 50 cm.

Additionally, due

to a lack of precise topography data, the bankstage value is difficult to determine. Therefore, it
was varied between 0 and 10 cm to acquire the best fit. As a result, the calibration step included a
ground surface of 80 cm first and the bankstage value was varied. Next, the best fit bankstage
value was fixed and a sensitivity test was conducted for different subsurface depths.
For a ground surface depth of 80 cm, simulations show that the bankstage elevations larger
than 8 cm have no impact on pore water salinity value (Figure 4.9, presented in grey line). Three
pore water salinity values measured in late May, early October, and mid December, are also
shown average and standard deviation format (red). For a bankstage equal to 8 cm, the
simulation results follow the correct trends and are within 2 ppt of field measurements. At a
bankstage of 8 cm, there is nearly no difference at different ground surface settings (Figure 4.10),
meaning that the HYMAN model is not sensitive to this parameter. The only variation occurs
early in the simulation because the initial amount of salt is assumed to be equal to the initial
salinity multiplied by the initial water depth; which in this case, are different. Therefore, for the
year 2004 simulation, the ground surface can be fixed at 80 cm and the bankstage should be
adjusted within a small range (6 to 10 cm).
4.3.2 Year 2004

In year 2004 simulation, the ground surface is set to 80 cm and the bankstage is adjusted
from 6 to 10 cm (Figure 4.11). The curves of 8-cm bankstage and 10-cm bankstage overlap most
of the year, while the curve of 6-cm bankstage falls slightly below the other two in summertime.
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Figure 4.9 – Varying bankstage from 0 to 10 cm with fixed ground surface of SRS4 in 2003.

Figure 4.10 – Varying ground surface from 30 to 150 cm with fixed bankstage at 8 cm of SRS4
in year 2003.
Only one measurement was conducted in May and the simulated output is much larger
than the measured value. The hypothesis is that an unknown amount of groundwater flow enters
SRS4 from the connected upland and dilutes the pore water salinity. Since the HYMAN model
does not include the groundwater effect, simulated results may overpredict the pore water
salinity in situ.
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Figure 4.11 – Varying bankstage from 6 to 10 cm with fixed ground surface of SRS4 in 2004.
4.3.3 Year 2005

Simulation results can probably match the measured values in January and December
(Figure 4.12). However, it overpredicts the pore water salinity in May, which might also result
from the hypothesized groundwater inflow during that period. Overall, the model output seems
to catch the observed trend, for example, the highest in May and the lowest in mid December.

Figure 4.12 – Simulation output for ground surface at 80 cm and bankstage at 8 cm of SRS4 in
year 2005.
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4.4 SRS5
4.4.1 Year 2003

The same procedure was followed for SRS5 in year 2003. Sensitivity tests for bankstage
were performed by fixing ground surface (Figure 4.13) and the sensitivity test for ground surface
by fixing bankstage (Figure 4.14) were conducted separately. There are no clear differences for
bankstages above 8 cm or at different ground surface settings. Although the model has similar
trends as observed values, the model underestimates all pore water salinity measurements. The
discrepancy is unknown but might attribute to the complicated hydrologic signatures in this
intermediate site. For year 2004, the ground surface is fixed at 80 cm and the bankstage is varied
from 6 to 10 cm.

Figure 4.13 – Varying bankstage from 0 to 12 cm with fixed ground surface of SRS5 in 2003.
4.4.2 Year 2004

Only small differences between three bankstage settings exist in the rainy season and the
model result still falls within the measuring range (Figure 4.15).
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Figure 4.14 – Varying ground surface from 30 to 150 cm with fixed bankstage at 8 cm of SRS5
in year 2003.

Figure 4.15 – Varying bankstage from 6 to 10 cm with fixed ground surface of SRS5 in 2004.
4.4.3 Year 2005

The model can match observed measurements in year 2005 (Figure 4.16); especially the
simulated output follows the similar trend as the observed measurements. All the differences
between the simulated and the observed values are within 5 ppt.
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Figure 4.16 – Simulation output for ground surface at 80 cm and bankstage at 8 cm of SRS5 in
year 2005.
4.5 SRS6
4.5.1 Year 2003

Sensitivity tests were conducted with respect to the bankstages and ground surfaces
(Figures 4.17 & 4.18). The simulation has the least difference at 8 cm bankstage setting and
there are no differences for different ground surface levels.

Figure 4.17 – Varying bankstage from 0 to 10 cm with fixed ground surface of SRS6 in 2003.
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Figure 4.18 – Varying ground surface from 30 to 150 cm with fixed bankstage at 8 cm of SRS6
in year 2003.
4.5.2 Year 2004

HYMAN model really does a good job predicting the year 2004 result (Figure 4.19). For
the following year 2005 simulation, the ground surface and bankstage are fixed to 80 and 8 cm.

Figure 4.19 – Varying bankstage from 8 to 10 cm with fixed ground surface of SRS6 in 2004.
4.5.3 Year 2005

The model presents a similar trend as the observed measurements (Figure 4.20).
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Figure 4.20 – Simulation output for ground surface at 80 cm and bankstage at 8 cm of SRS6 in
year 2005.
4.6 Temporal and Spatial Variations

As can be seen in Figures 4.21 to 4.23, there is a similar inter-annual variation at each site
with pore water salinity peaks in year 2004 and year 2005 almost 5 to 8 ppt larger than the peak
in year 2003. Spatially, the pore water salinity corresponds to the position of each site apart from
the estuary mouth; SRS4 has the smallest values (0-20 ppt), SRS5 has the intermediate values
(0-33 ppt), while SRS6 has the largest values (12-36 ppt). From the oscillation of simulated
results, SRS5 is the most dynamic site which is to be expected given its intermediate position.

Figure 4.21 – Temporal variations of pore water salinity at SRS4.
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Figure 4.22 - Temporal variations of pore water salinity at SRS5.

Figure 4.23 - Temporal variations of pore water salinity at SRS6.
4.7 Discussions
4.7.1 SRS4

There are three time periods highlighted in the SRS4 simulation results (Figure 4.24). In
highlight A, high salinity peaks occurred from June to July in year 2004 and from May to June in
year 2005 than the peak from April to May in year 2003. This phenomenon can be attributed to
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the delay of rainy season and also lower rainfall intensities during dry season in 2004 and 2005.
From Figure 4.25, the accumulated rainfall before June is 54 cm in year 2003, far larger than 23
cm in year 2004 and 19 cm in year 2005. Because of the lesser rainfall intensity to compensate
the higher ET rate during late spring, salt was stored in the forest until it was flushed out by the
upcoming rainy season.

Figure 4.24 – Highlights of simulation outputs at SRS4.

Figure 4.25 – Corresponding monthly rainfall in SRS4.
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Highlight B shows that the salinity peak that occurred during September and October in
year 2004 was coincident with the suddenly increased tidal salinity along the channel (Figure
4.26). At the same time, a lower rainfall was recorded in SRS4. From the hydroperiod records,

September usually has the longest flooding duration, meaning that the tidal effect is the strongest
in September. As a result, there was no enough rainfall and runoff flow from upstream to resist
the tidal incursion at that time.

Figure 4.26 – Corresponding tidal salinity in SRS4.
In highlight C, a sharp salinity increase (0.04 to 2 ppt) occurred on October 25, 2005
which coincides with the vast amount of rainfall (14.5 cm) in the previous day. Undoubtedly, this
abnormality resulted from the passage of Category 5 Hurricane Wilma. Hurricane Wilma not
only delivered a large amount of rainfall in a relatively shorter period of time but also pushed a
great amount of seawater toward inland; hence, it provided a large supply of salt to the forest.
4.7.2 SRS5

There are four highlighted periods in the SRS5 simulation results (Figure 4.27). The first
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three are due to the same processes as at SRS4. In highlight A, only 26 cm of rainfall occurred
before June 2004 and 16 cm in June 2005 resulting in a shift of the salinity peak to June when
compared to 48 cm depth in year 2003 (Figure 4.28). In highlight B, the rainfall does not
provide enough freshwater to push incursive seawater back to the estuary mouth and therefore,
there is a tidal salinity jump in September 2004 (Figure 4.29). Highlight C can be explained by
the contribution from Hurricane Wilma.
The extremely high value of pore water salinity around 16 ppt (highlight D) in the
beginning of model simulation is due to the initial salinity assumption. The initial value was set
equal to the observed value in December 2002 (11.2 ppt), and then there might be some
measuring uncertainties. In contrast, pore water salinity is only 5 and 7 ppt in the beginning of
year 2004 and 2005.

Figure 4.27 - Highlights of simulation outputs at SRS5.
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Figure 4.28 – Corresponding monthly rainfall in SRS5.

Figure 4.29 – Corresponding tidal salinity in SRS5.
4.7.3 SRS6

Highlights A, B, and C have exactly the same causes described previously. Highlight D
shows sharply reduced pore water salinity in June and August 2005 (Figure 4.30). This is due to
the corresponding vast amount of rainfall that occurred at the same period (Figure 4.31).
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Figure 4.30 - Highlights of simulation outputs at SRS6.

Figure 4.31 – Corresponding monthly rainfall in SRS6.
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CHAPTER 5. SUMMARY AND RECOMMENDATIONS
5.1 Study Summary

The mangrove hydrology model, HYMAN, was modified and applied to three distinct
LTER sites along the Shark River Slough, Everglades. Due to the varying hydrologic forcings in
each site, this study tested the applicability of HYMAN to more general coastal wetlands
settings.
Based on the sensitivity test, the best fit parameters were determined for each site and most
of the simulated results fell within a reasonable range comparing to the discrete measured values.
In addition, most of the observed discrepancies can be correlated to certain corresponding
hydrologic signals.
5.2 Recommendations for Future Work

The HYMAN model modified specifically for each site can adapt to future CERP
freshwater managements and also various global climate change scenarios. When used with the
projected parameters, HYMAN will provide a basic understanding of the local long-term
ecological responses to the projected plans. Moreover, following the same procedures and input
parameter estimates, the HYMAN should successfully apply to more general coastal ecosystems
as well.
The link between HYMAN model and other existent hydrodynamic models should provide
more efficient and accurate simulations. The connection from HYMAN outputs to the plant
growth model, FORMAN, should provide a direct link from the hydrology to the plant
production, which is of great concerns to the researchers and managers.
In addition, the recharge and discharge relations between the surface water and the
groundwater aquifer are scarcely monitored and understood in the LTER sites at present and did
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not consider in the overall water budget in this study. Progressing into the second 6-year phase of
the FCE-LTER project, the consideration and scrutiny of groundwater effect is inevitable and of
special interests.
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APPENDIX A: RAW DATA OF RAINFALL AND TIDAL SALINITY

Table A.1 – Monthly rainfall (cm) of SRS4

Table A.2 – Monthly rainfall (cm) of SRS5

Table A.3 – Monthly rainfall (cm) of SRS6
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Table A.4 – Monthly tidal salinity (ppt) of SRS4

Table A.5 – Monthly tidal salinity (ppt) of SRS5

Table A.6 – Monthly tidal salinity (ppt) of SRS6
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APPENDIX B: RAW DATA OF ET AND SEEPAGE CALCULATION

Table B.1 – Monthly ET (cm) of SRS4

Table B.2 – Monthly ET (cm) of SRS5

Table B.3 – Monthly ET (cm) of SRS6
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Table B.4 – Seepage rate (cm d-1) of SRS4 in 2003
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Table B.5 – Seepage rate (cm d-1) of SRS5 in 2003
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Table B.6 – Seepage rate (cm d-1) of SRS6 in 2003
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